Catecholaminergic C1 cells reside in the rostral and intermediate portions of the ventrolateral medulla (RVLM) and can be activated by hypoxia. These neurons regulate the hypothalamic pituitary axis via direct projections to the hypothalamic paraventricular nucleus (PVH) and regulate the autonomic nervous system via projections to sympathetic and parasympathetic preganglionic neurons. Based on the various effects attributed to the C1 cells and what is currently known of their synaptic inputs, our hypothesis is that acute hypoxia (AH) activates RVLM projecting catecholaminergic neurons to PVH. Anterograde tracer, Phaseolus vulgaris leucoagglutinin (PHA-L) was unilaterally injected into the RVLM and a retrograde tracer Cholera toxin b (CTb) was unilaterally injected into the PVH region. After ten days, male Wistar rats that received CTb injection into the PVH were subjected to AH (8% O 2 , balanced with N 2 ) or normoxia (21% O 2 ) for 3 h. Acute hypoxia significantly increased Fos immunoreactivity in the C1 region (68 ± 2 neurons), and half of the RVLM cells activated are catecholaminergic (35 ± 2 neurons). We observed that 23 ± 4% of the RVLM projecting PVH cells that were activated by AH were also C1 cells. The presence of varicosities containing PHA-L in PVH region was also observed. The present results suggest that catecholaminergic C1-PVH projection is hypoxia-sensitive and the pathway between these two important brain areas can be one more piece in the complex puzzle of neural control of autonomic regulation during hypoxia.
Introduction
Neuroanatomical studies that combine anterograde, retrograde transport, and immunohistochemistry techniques show that the paraventicular nucleus of the hypothalamus (PVH) has a large amount of catecholaminergic axonal terminals and the brainstem nuclei certainly contribute to these projections Sawchenko and Swanson, 1983; Sawchenko et al., 1985) . Among the nuclei of the brainstem that send catecholaminergic projections to PVH, adrenergic groups such as C1, C2, C3 densely innervate parvicellular part of the PVH (Cunningham et al., 1990) .
The neural inputs which relay sensory information from the periphery to the PVH have been regularly investigated (Swanson and Sawchenko, 1980; Bailey et al., 2006; King et al., 2012) . Analysis of how the C1 cells participate in the integration of the PVH responses, appear to provide substrates to better understand how brainstem catecholaminergic neurons operate in different situations, recruit and integrate the activity of the physiological system (Sawchenko et al., 1985; Buller et al., 1999; Guyenet et al., 2013) .
Hypoxia is an important stimulus that recruits C1 cells (Sun and Reis, 1994a; Guyenet et al., 2013) . Activation of peripheral chemoreceptors elicits a sympathetic and respiratory reflex, through the C1 cells, to produce an increase in blood oxygen levels and optimize blood flow perfusion (Hirooka et al., 1997; Guyenet, 2000) . Hypoxia also excites the vasomotor neurons, presumably C1 neurons, by activating the peripheral chemoreceptors and intrinsic cellular mechanisms. This excitation is likely related to activation of Ca 2+ channel conductance Reis, 1994a, 1994b) . A single interneuron located within the commissural part of the NTS is the pathway between the carotid bodies and the C1 cells (Aicher et al., 1996) . However, other brainstem and forebrain nuclei also make important contributions to chemoreflex function , but the central pathways and their relative importance in response to hypoxia remain unclear. Moderate hypoxia was able to release vasopressin (VP), oxytocin (OT) and adrenocorticotropin hormone (ACTH) in order to control both autonomic and neuroendocrine function and these responses are mediated at least in part by the C1 cells Smith et al., 1995; Guyenet et al., 2013) .
Characterization of the neural components in the chemoreflex pathway is crucial to elucidate the mechanisms involved in a hypoxia situation. More specifically, it is not known whether PVH-projecting C1 cells become activated in response to systemic hypoxia. In the present study, we evaluated the rostral ventrolateral medulla projection neurons to determine if they are catecholaminergic, and since acute hypoxia decreases arterial pressure and could affect the ventrolateral medulla neurons. We also assessed whether hypoxia-induced changes in blood pressure influenced the activation of C1 neurons during hypoxia. We found that RVLM/C1 neurons are activated by acute hypoxia and send glutamatergic afferents to PVH region supporting the role of PVHprojecting C1 neurons in physiological responses to hypoxia.
Methods

Animals
All experiments were conducted using male Wistar rats (N = 21; 290-310 g at the time of experimentation) in accordance with NIH Guide for the Care and Use of Laboratory Animals and approved by the Animal Experimentation Ethics Committee of the Institute of Biomedical Sciences at the University of São Paulo (ICB/USP). Male Wistar rats were obtained from the Rats Resource Center of the ICB/USP. The animal and experimental protocols use are shown in schematic form in Fig. 1 .
Surgical procedures 2.2.1. Tracer experiments
Tracer injections were made while the rats were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) administered intraperitoneally (i.p.). Surgery used standard methods as described previously (Takakura et al., 2006; Barna et al., 2014) . After surgery, the rats were treated with the antibiotic ampicillin (30,000 IU) given intramuscularly and the analgesic ketoflex (ketoprofen 1%, 0.03 ml/rat, subcutaneous [s.c.]).
A group of 3 rats received unilateral injections of the anterograde tracer Phaseolus vulgaris-leucoagglutinin -PHA-L (2.5% in 0.1 M phosphate buffer, Vector Laboratories, Burlingame, CA) into the C1 region. The tracer was delivered by iontophoresis through a glass micropipette with an internal tip diameter of 10-15 μm, by passing a positive-pulsed current 3 μA, 7 s duration every 7 s for 15 min (Figs. 1 and 2A ). These injections were placed stereotaxically using the following coordinates:
8.3 mm below the dorsal surface of the medulla, 1.8 mm lateral to the midline and 2.7 mm caudal to lambda. These rats were allowed to survive 10-15 days following the tracer injection and then were anesthetized with pentobarbital (60 mg/kg, i.p.) and perfused transcardially with fixative as described below.
Another group of 7 rats received an iontophoretic injection (5 μA positive current pulses, 7 s duration every 7 s for 10 min) of the retrograde tracer cholera toxin subunit b -CTb (low salt, 1% in distilled water, List Biological Laboratories, Campbell, CA) into the PVH using a glass micropipette with an internal tip diameter of 20 μm (Figs. 1 and  4A ). These injections were made using the following coordinates: 1.2 mm caudal to bregma, 0.4 mm lateral to the midline and 7.8 mm below the dura mater. Seven to 10 days after the CTb injection, 4 rats were exposed for 3 h to a hypoxic breathing mixture (8% O 2 , balanced with N 2 ) in a small flow-through environmental chamber. The remaining group of 3 rats was exposed to room air under the same conditions. Following exposure to hypoxia or normoxia, the animals were anesthetized with pentobarbital and immediately perfusion-fixed.
Immunotoxin lesions
The injections of the toxin anti-dopamine beta-hydroxylase-saporin (21 ng/100 nl; anti-DβH-SAP-Advanced Targeting Systems, San Diego, CA, USA) or saline were made unilaterally into the PVH using the following coordinates: 1.2 mm caudal to bregma, 0.4 mm lateral to the midline and 7.8 mm below the dura mater. The anti-DβH-SAP or saline was administered into the PVH region by a needle injector (0.3 mm) coupled to a Hamilton syringe (5 μl). At the end of the surgery, rats received postoperative boluses of ampicillin (30,000 IU) given intramuscularly and a subcutaneous injection of the analgesic Ketoflex (ketoprofen 1%, 0.03 ml/rat) and were then placed in a clean home cage at room temperature. Fifteen days following the anti-DβH-SAP injection, the rats were exposed for 3 h to a hypoxic breathing mixture (8% O 2 , balanced with N 2 ) or normoxia (Fig. 1 ).
Hypoxia protocol
Fos-like immunoreactivity evoked by hypoxia was studied in conscious, unrestrained adult rats. To acclimate the rats to the hypoxia environment prior to experimentation, they were kept in a plexiglass chamber (5 l) that was flushed continuously with a mixture of 79% nitrogen (N 2 ) and 21% oxygen (O 2 ) at a rate of 1 l/min, to allow them to become acclimated to the environmental stimuli associated with the chamber and to minimize unspecific Fos expression. Rats that received Fig. 1 . Experimental design Indicates the fraction of rats in which anatomical and physiology experiments were performed. previous PVH CTb or anti-DβH-SAP microinjections were first acclimated for 45 min in the chamber and then subjected to acute hypoxia (AH) 8% O 2 , balanced with N 2 or normoxic control 21% O 2 for 3 h, as previously demonstrated (Berquin et al., 2000; King et al., 2013) . At the end of the stimulus, the rats were immediately deeply anesthetized and transcardially perfused. All experiments were performed at room temperature (24-26°C).
Histology
The rats were deeply anesthetized with pentobarbital (60 mg/kg, i.p.), then injected with heparin (500 units, intracardially) and finally perfused through the ascending aorta first with 250 ml of phosphatebuffered saline (PB -pH 7.4) and then with 500 ml of 4% phosphatebuffered paraformaldehyde (0.1 M, pH 7.4). The brains were extracted, cryoprotected by overnight immersion in a 20% sucrose solution in phosphate-buffered saline at 4°C, sectioned in the coronal plane at 40 μm on a sliding microtome and stored in cryoprotectant solution (20% glycerol plus 30% ethylene glycol in 50 mM phosphate buffer, pH 7.4) at −20°C for up to 2 weeks awaiting histological processing. All histochemical procedures were done using free-floating sections according to previously described protocols (Barna et al., 2014) .
PHA-L was detected using a polyclonal anti-PHA-L raised in goat (AS2224; Vector, Burlingame, CA; dilution 1:2500). Vesicular glutamate transporter 2 (VGLUT2) and glutamic acid decarboxylase 65 and 67 (GAD65/67) were detected by immunofluorescence using a guineapig anti-VGLUT2 antibody (AB2251; Millipore, Temecula, CA, USA; dilution 1: 2000) or a rabbit anti-GAD65/67 antibody (AB1511; Millipore; dilution 1: 5000), respectively ( Fig. 1) CTb was detected using a polyclonal anti-CTb raised in goat (104; List Laboratories, Burlingame, CA; dilution 1:10,000), tyrosine hydroxylase (TH) was detected using a mouse anti-TH (MAB 318; Millipore; dilution 1:2000) and Fos was detected using rabbit anti-Fos (Ab-5; Calbiochem, Darmstadt, Germany; dilution 1:20,000), (Fig. 1) All the primary antibodies were diluted in PB containing 1% normal donkey serum (017-000-121, Jackson Immuno Research Laboratories) and 0.3% Triton X-100 and incubated for 48 h. Sections were subsequently rinsed in PB and incubated for 2 h in Alexa 594 donkey antigoat (705-586-147 (Fig. 1) . The sections were mounted on gelatincoated slides, coverslipped with Vectashield (Vector Laboratories, Burlingame, CA, USA) or DPX (Aldrich, Milwaukee, WI, USA), and sealed with nail polish.
Using the immuno peroxidase technique, PHA-L was detected with a polyclonal anti-PHA-L raised in rabbit (Dako, Carpenteria, CA; dilution 1:5000), CTb was detected using a polyclonal anti-CTb raised in goat (104; List Laboratories, Burlingame, CA; dilution 1:2000), TH was detected using a mouse antibody anti-TH (MAB 318; Millipore; dilution 1:1000) and Fos was detected using rabbit antibody to Fos (Ab-5; Calbiochem; dilution 1:10,000). Sections were incubated for 24 h at room temperature and diluted in PB containing 10% normal horse serum (008-000-001; Jackson Immuno Research Laboratories) and 0.3% Triton X-100. After several rinses, they were transferred to the appropriate affinity purified biotinylated secondary antibodies goat antirabbit (BA-1000, Vector, dilution 1:500) for PHA-L and Fos; donkey anti-goat (705-065-147, Jackson Immuno Research Laboratories, dilution 1:500) for CTb and donkey anti-mouse (715-065-151, Jackson Immuno Research Laboratories, dilution 1:500) for TH, all diluted in PB containing 1% normal horse serum and 0.3% Triton X-100 incubated Projections from RVLM to PVH A) schematic drawing illustrating anterograde tracing experiments. B) photomicrograph illustrating an iontophoretic injection of Phaseolus vulgarisleucoagglutinin (PHA-L) that was confined to RVLM. C) computer-assisted plot of 3 iontophoretic injections of PHA-L that were confined to RVLM. D) example of PHA-L labeled axonal fibers and varicosities. E-G) representatives coronal sections at different bregma levels (−1.0; − 1.72 and −2.2 mm). Each dot represents an axonal varicosity assumed to be a synapse or a release site. The labeling was nearly exclusively found in the ipsilateral side of the PVH. Scale bars = 500 μm in B and C, 50 μm in D and 200 μm in E-G. Abbreviations: am, anterior magnocellular; Amb, nucleus ambigus; ap, anterior parvicellular; fx, fornix; IO, inferior olive; lp, lateral parvicellular; mp, medial parvicellular; pm, posterior magnocellular; dp, dorsal parvicellular; PVH, paraventriclar nucleus of the hypothalamus; py, pyramidal tract; Sp5, spinal tract of trigeminal nerve; 3 V, third ventricle.
for 24 h at room temperature, rinsed again and exposed to Extravidin (E2886; Sigma-Aldrich, St. Louis, MO, USA; dilution 1:2000) for 4 h at room temperature. Peroxidase reactions were visualized using the glucose oxidase procedure and 3,30-diamenobenzidine (DAB) tetrahydrochloride as chromogen for PHA-L and TH and associated with 0.5% nickel sulfate for Fos immunostaining. Sections were rinsed again in PB, mounted in sequential rostrocaudal order onto slides on gelatincoated slides, dehydrated through a series of ascending concentrations of ethanol, transferred into xylene, and coverslipped with DPX (06522; Sigma Aldrich) mountant for histology.
Cell counting, imaging and data analysis
A multifunction microscope Zeiss Axioimager A1 microscope (Zeiss, Muenchen, Germany) was used to image sections and perform subsequent analysis. Immunofluorescence was examined under epifluorescence illumination and immunoperoxidase stained sections were examined under bright illumination.
To determine the relative PHA-L in the PVH each region was classified based on the relative density of the structure region containing PHA-L-immunoreactive varicosities. Thus, the regions were classified as exhibiting high expression (+++), moderate expression (++), low expression (+) and very low or virtually absent (−) ( Table 1) .
The locations of TH and Fos immunoreactive (TH-ir) into the C1 region were plotted in sections from 11.80 to 12.76 mm caudal to bregma (5 sections/animal), the ventral quadrant of the side that receive de tracer microinjection was plotted, and profile counts reflect an average of the ipsilateral side of the medulla. The profile counts of animals that receive anti-DβH-SAP unilateral microinjections reflected the average of the ipsilateral side of the medulla, i.e. the lesion side, which was compared with the contralateral side. We used the same profile also for count Fos expression in the PVH (6 sections/animal). Separate groups of experimental (anti-DβH-SAP injected) and control (saline-injected) rats were employed because a previous study (Schiltz and Sawchenko, 2007) demonstrated that immunotoxin lesions of the PVH potentially involve the contralateral side of the medulla.
Digital color photomicrographs were acquired using a Zeiss AxiocamHRc camera. Images of double immuno peroxidase and immuno fluorescence stained sections were acquired and analyzed with the Axiovision software (Zeiss), which permits the acquisition of images from several separate fluorescence channels.
A Zeiss LSM 780-NLO confocal microscope with High Content Imaging In Cell Analyzer 2200 GE was used to test for colocalization of PHA-L and either VGLUT2 or GAD65/67 immunoreactivity in axonal varicosities located in the PVH region. PHA-L-labeled axonal varicosities were counted at 6 levels of the PVH. Image J (version 1.41; National Institutes of Health, Bethesda, MD) was used for cell counting and Canvas software (ACD Systems, Victoria, Canada, v. 9.0) was used for line drawings. The neuroanatomical nomenclature employed during experimentation and in this manuscript was defined by Paxinos and Watson (Paxinos and Watson, 1998 ).
Arterial pressure and HR recordings
Long (≥30 min) exposure to hypoxia leads to hypotension and produces Fos expression in the ventrolateral medulla (King et al., 2013) . We measured the mean arterial pressure (MAP) and heart rate (HR) in unanesthetized rats exposed to acute hypoxia and normoxia to characterize the variability of blood pressure and heart rate throughout the period of hypoxic exposure (3 h) (Fig. 1) . This study was necessary to note significant changes, if any, that occur in cardiovascular parameters when compared to baseline.
A mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) were administered intraperitoneally and a polyethylene tube (PE-10 connected to a PE-50) was inserted into the abdominal aorta through the femoral artery. The cannula was tunneled subcutaneously to the back of the rats to keep them unrestrained and freely moving.
The arterial pressure and heart rate recordings were performed two days after surgery by connecting the arterial cannula, to a pressure transducer (MLT0699, ADInstruments), which is coupled to a preamplifier (FE221 Bridge Amp, ADInstruments) and to a computer data acquisition system (model Powerlab 8SP ADInstruments). Rats were kept in a Plexiglas recording chamber (5 l) that was flushed continuously with a mixture of 92% N 2 and 8% O 2 at a rate of 1 l/min for 3 h. Control rats were subjected to the same procedures, except that the cage was ventilated with 21% O 2 /79%N 2 for 3 h. All experiments were performed at room temperature (24-26°C).
Statistics
A statistical analysis was performed with Sigma Stat Version 3.0 (Jandel Corporation, Point Richmond, CA). The results are presented as means ± standard error of the mean. The distribution of the data was tested for normality (D'Agostino-Pearson Omnibus), and significant at p b 0.05 (paired or unpaired t-test or one-way repeated measured ANOVA following by Kruskal-Wallis for non-Gaussian data).
Results
Anterograde tracing experiments
Since there is evidence about the distribution of catecholaminergic fibers in the PVH Sawchenko and Swanson, 1982a; Cunningham et al., 1990) , our unilateral deposits of PHA-L into the rostral ventrolateral medulla (RVLM/C1 region) (Figs. 2B-C) delineate the distribution of specific anterograde labeled varicosities from RVLM/C1 neurons (Fig. 2D) . Three rats were given PHA-L injections confined to the RVLM/C1 region, allowing visualization of PHA-L axons in the PVH. We were able analyze these axons to understand the ascending pathways (case R8, Fig. 2 ). Ten to fifteen days after injection sparse PHA-L labeled fibers arborize in the PVH primarily ipsilaterally, with only fewer fibers found in the contralateral side. Fig. 2E -G is a plot of the distribution of PHA-L-labeled fibers that were detected in representative coronal sections located from bregma − 1.0 mm until − 2.2 mm. PHA-L fibers were found in all parts of the parvicellular division, however, the magnocellular division contains some stained fibers (Fig. 2E-G , Table 1 ). The axonal varicosities were spaced and counted in six equidistant sections per rat. The area with the maximum density of fibers and varicosities was found in the dorsal and medial parvicellular division, but periventricular parts also had stained fibers (Fig. 2E-G , Table 1 ). When compared, the dorsal region of the medial parvicellular division had more labeled fibers than ventral region of this division ( Fig. 2E-G ; Table 1 ). PHA-L deposits were not confined to the RVLM/C1 region limits and likely extend to the caudal limit of the C1 group, reaching the A1 noradrenergic cells. This observation implies the possibility that the varicosities are derivate from the A1 cells.
Further studies were carried out to determine if projections from RVLM/C1 neurons to PVH are predominantly glutamatergic or GABAergic. To execute these studies, sections from the same brains were reacted for detection of PHA-L and either VGLUT2 or GAD65/67 immunoreactivity and examined by confocal microscopy (Fig. 3) . Double immunofluorescence labeling revealed that a substantial amount of the PVH PHA-L stained varicosities from RVLM/C1 neurons contained VGLUT2 with a comparatively lower amount of GAD65/67 ( Fig. 3A-F) . We estimated the number of excitatory (VGLUT2-ir) and inhibitory (GAD65/67-ir) PHA-L-labeled varicosities by counting the varicosities in confocal images of the immunostained PVH area. Six equidistant sections between bregma −1.0 and −2.2 mm were selected and an average of 81% of the total number of PHA-L-labeled varicosities sampled were immunoreactive for VGLUT2 (PHA-L + VGLUT2: 396 ± 31, vs. total PHA-L: 486 ± 18) whereas only 34% of varicosities were GAD65/67-ir (PHA-L + GAD 65/67: 158 ± 33, vs. total PHA-L: 464 ± 62) (Fig. 3G) . In accordance, the RVLM/C1 varicosities in PVH contribute with a dense network of VGLUT2 axonal processes in these nuclei. We performed additional experiments showing that 87 ± 13% of the DβH-ir varicosities within the PVH region also express VGLUT2 (DβH + VGLUT2: 362 ± 44, vs. total DβH-ir: 416 ± 22) ( Fig. 4A-D) .
Retrograde tracing experiments
Four cases with a CTb injection in PVH were analyzed to visualize retrograde labeling in the RVLM/C1 region. The aim of this experiment was to evaluate whether retrograde neurons labeled from the RVLM/ C1 region includes cells that are activated by acute systemic hypoxia. The distribution of representative CTb injections centered on the PVH of four rats that were exposed to hypoxia is shown in Fig. 5C and case (R82) was chosen to illustrate our findings (Fig. 5B) . The staining in Fig. 5B extends a little bit beyond the lateral and ventral boarded of the PVH, but the center of all injections are located on the center of PVH. RVLM/C1 neurons with projections to PVH were labeled with CTb seven to ten days before the rats were exposed to acute hypoxia or to normoxia condition. TH and Fos immunoreactivity were used to identify RVLM/C1 neurons that were activated by acute hypoxia (Fig.  5A) . To characterize the C1 neurons that project to PVH, a series of 40 μm-thick coronal were analyzed and cells were counted in only five levels of RVLM/C1 region: −11.80 to −12.76 mm relative to bregma, in order to include the lowest possible amount of catecholaminergic neurons in the CVLM/A1 neurons. Moderate number of retrograde labeled neurons (CTb + ) was found in the RVLM/C1 region (Fig. 6E) , particularly in more rostral regions of the RVLM/C1 region. Interestingly, as illustrated in Fig. 6A-D , within the RVLM/C1 region, the majority of retrograde CTb labeled neurons are immunoreactive for TH and also contained Fos. This observation suggests that catecholaminergic neurons from RVLM/C1 cells are activated by acute hypoxia and projects to the PVH. For example, we found from a total of 46 ± 0.7 Fos-activated cells by hypoxia, 10.5 ± 1.3 neurons are activated by hypoxia, project to PVH, and express TH in a rostral aspect of the C1 region (Fos + /CTb + / TH + ), representing 23% of hypoxia-activated cells in the C1 region (Fig. 6E) . On the other hand, we found that 70% of the PVH-projecting cells are activated by hypoxia (Fig. 6E) .
Lesion of RVLM/C1 cells by anti-DβH-SAP
In order to induce specific retrograde degeneration of catecholaminergic RVLM/C1 neurons, unilateral microinjections of anti-DβH-SAP were placed in the PVH. Four cases had injections of the toxin anti-DβH-SAP confined to the PVH (Fig. 7B) , as illustrated by the case R5 Fig. 3 . PHA-L-labeled varicosities within the PVH are predominantly glutamatergic A-C) example of PHA-L labeled axonal varicosities (red in A) that were immunoreactive for VGLUT2 (green in B, orange in the overlay, C). D-F) example of PHA-L labeled axonal varicosities (red in D) that were not immunoreactive for GAD 65/67 (green in E, orange in the overlay, F). Scale bar: 20 μm, in F, applies to all panels. G) mean number of varicosities present in the six levels of the PVH region and the proportion of PHA-L immunoreactive varicosities that contained VGLUT2 or GAD 65/67 immunoreactivity. The terminals were examined by confocal microscopy selectively within PVH. Fig. 4 . DβH-labeled varicosities within the PVH are predominantly glutamatergic A-C) example of DβH labeled varicosities (red in A) that were immunoreactive for VGLUT2 (green in B, orange in the overlay. Scale bar: 10 μm, in C, applies to all panels. D) total number of DβH present in the six levels of the PVH region and the proportion of DβH immunoreactive varicosities that contained VGLUT2. The terminals were examined by confocal microscopy selectively within PVH. (Fig. 7A) . The toxin that targets and destroys DβH-expressing catecholamine neurons elicited an average depletion of 41% the number of the C1 cells on the ipsilateral side of the injection (33 ± 5.6, vs. contralateral side: 56 ± 4; t 5 = 4.28; p = 0.01) (data not shown). The depletion was determined by a significant reduction in TH-ir neurons counts on the ipsilateral side, extended from −11.80 to −12.76 mm relative to bregma and compared with contralateral side (Fig. 7C-E) . We also confirmed data previously described in the literature showing that DβH-SAP injected unilaterally into the PVH significantly reduced the number of TH-ir catecholaminergic neurons within the NTS (A2 region) (p b 0.001) and caudal VLM (A1 region) (p b 0.001) compared to counts of TH-ir NTS (data not shown) and A1 neurons in sham rats (Fig. 6F ) (Pedrino et al., 2006; Freiria-Oliveira et al., 2015) .
Acute hypoxia exposure produced a well-defined Fos expression in RVLM/C1 region, even in animals that receive unilateral microinjections of anti-DβH-SAP. The toxin injections did not produce a significant decrease in the cluster of non catecholaminergic RVLM neurons activated by hypoxia (Fos 75 ± 5; t 5 = 2.15; p = 0.08), indicating that most of RVLM/C1 neurons activated by hypoxia with projection to the PVH are ipsilateral.
Selective depletion of C1 neurons changes the Fos expression in PVH neurons after hypoxia exposure
To evaluate the relationship between hypothalamic projections originating in the C1 cells and the PVH neurons in a hypoxic situation, coronal sections of the hypothalamus in animals that received unilateral injections of anti-DβH-SAP were analyzed for Fos immunoreactivity (Fig. 8A-C) . The analyses were performed only in cases in which toxin deposits did not cause microscopic tissue damage. In the PVH of animals that received anti-DβH saporin injection the total count revealed a significant decrease in Fos-ir neurons (92 ± 10, vs contralateral side: 132 ± 12; t 2 = 12.47; p = 0.006, Fig. 8C ). More specifically, we found a reduction in the anterior parvicellular (ap), anterior magnocellular (am), dorsal parvicellular (dp) and medial parvicellular (mp) (Fig. 8C) . In addition, to evaluate the efficacy of anti-DβH-SAP to lesion PVHprojecting catecholaminergic neurons, we also examined DβH-ir terminals in the PVH. Anti-DβH-SAP reduced overall DβH-ir terminals within the PVH by 81 ± 3% (p = 0.001) (Fig. 8F) .
Cardiovascular effects of acute systemic hypoxia
The analysis of the effect of hypoxia on MAP and HR in conscious rats were done due to the possibility that hypotension caused by hypoxia may elicit Fos expression within RVLM region. Acute systemic hypoxia (8% O 2 , for 3 h) did not change MAP (108 ± 1.9, 105 ± 3.5, 97 ± 3, 95 ± 3 and 97 ± 2 mmHg in the 5, 30, 60, 120 and 180 min, vs. normoxia: 101 ± 2.4 mmHg; F 5,23 = 2.17; p N 0.05) (Fig. 9A) . However, hypoxia produced an increase in HR (435 ± 19, 434 ± 23, 420 ± 22, 443 ± 26 and 429 ± 23 mmHg in the 5, 30, 60, 120 and 180 min, vs. normoxia: 358 ± 10 mmHg; F 5,23 = 4.839; p = 0.002) (Fig. 9B) .
Discussion
The present study indicates that RVLM/C1 neurons are activated by acute hypoxia and send preferentially glutamatergic afferents to PVH region, modulating the activity of this nucleus. In other words, RVLM/ C1 neurons integrate peripheral chemoreceptor information and send their projections to diencephalic sites such as the PVH, and may drive the autonomic and neuroendocrine activity and several aspects of the cardiorespiratory network during hypoxia condition.
PVH neurons receive excitatory inputs from RVLM/C1 group
The present study are in accordance with the current literature because it provides strong evidence that C1 cells send projections to the PVH and thus provide insight to the medullary adrenergic projection to the hypothalamus (Sawchenko et al., 1985; Cunningham et al., 1990; Buller et al., 1999) . A considerable number of PHA-L varicosities were located mainly in the parvicellular division of the PVH, especially in the dorsal and medial regions of this division. We also found very little fibers located in the magnocellular subdivision of the PVH. These results suggest an organization of ascending adrenergic projections to the PVH, as suggested by others (Loewy et al., 1981; Swanson et al., 1981; Sawchenko et al., 1985; Cunningham et al., 1990) . The distribution of positive PHA-L varicosities indicates that ascending projections originating in the most rostral ventrolateral region of the medulla may be involved in the modulation of autonomic activity and influence the neuroendocrine mechanisms exerted by PVH.
Although the C1 neurons have all the necessary enzymes to synthesize catecholamines, there is no direct evidence showing that these neurons release only these substances as neurotransmitters (Hnasko et al., 2010; Guyenet et al., 2013) . Experiments in mice expressing Cre-protein under the control of a specific promoter for dopamine β-hydroxylase (DβH) showed a dense amount of varicosities in PVH overlapping the VGLUT2 (Abbott et al., 2013, present results) . In our experiments, we showed N80% of the total number of PHA-L varicosities located in the PVH are glutamatergic, i.e. express VGLUT2. In addition, we found that almost all VGLUT2 variscosities also express DβH-ir, suggesting a catecholaminergic innervation within the PVH. A small number of PHA-L varicosities express GAD65/67. Various projections to the PVH were described previously in rats and mice -however, the role of this nucleus in breathing control during hypoxia is not clearly established (Card et al., 2006; Rosin et al., 2006; Abbott et al., 2013) . A smaller percentage of PHA-L-labeled varicosities were found to contain VGLUT2 immunoreactivity in the anterograde tracing experiments (81%) compared with the recent study by Abbott and colleagues ) (99%). Our method may underestimate the proportion of terminals that are glutamatergic for three reasons. 1) dual labeling for PHA-L and VGLUT2 may not reveal each marker equally, especially in the depth of the tissue because of incomplete antibody penetration. 2) it is also conceivable that a portion of the PHA-L-labeled structures that look like axonal varicosities may lack VGLUT2 immunoreactivity simply because they are not synapses and 3) the former study used mice that express Cre under the control of the dopamine-β hydroxylase (DβH) promoter. This vector has a major advantage that it is extremely selective for the cells that express the Cre recombinase and it produces the robust level of expression in catecholaminergic cells of the RVLM.
In addition, a significant number of hypoxia-activated neurons in the RVLM region are catecholaminergic, since an average of 42% of the total Fos-expressing neurons after hypoxia contained detectable levels of TH immunoreactive. A subset of the portion of these activated TH-labeled neurons was found to contain CTb immunoreactivity, suggesting that hypoxia activates catecholaminergic RVLM/C1 neurons which project to the PVH. In rats, the spinally projecting C1 neurons are located more rostrally, they have myelinated axons, and most lack neuropeptide Y (NPY), whereas hypothalamic-projecting C1 neurons reside more caudally within the ventrolateral medulla, have slower conduction velocities and co-express NPY Verberne et al., 1999; Tucker et al., 1987; Sawchenko et al., 1985) . Here, we were unable to detect any differences in the projection areas of spinal cord (rostral C1 neurons) vs. forebrain-projecting C1 neurons (caudal C1 neurons). In fact, studying the rostral aspect of the C1 neurons (presumably spinally projecting cells) revealed that the rostral C1 cells are activated by hypoxia and send projections to the PVH region.
The RVLM region has neurons that have an essential role in the generation and maintenance of sympathetic and respiratory activities (Alheid and McCrimmon, 2008; Feldman et al., 2013; Guyenet, 2014) . It is known that the C1 group of cells is involved in the modulation of cardiorespiratory responses and the present study, together with literature, strengthens the evidence that in conscious animals, a considerable number of C1 cells express Fos after hypoxia exposure (Erickson and Millhorn, 1994; Hirooka et al., 1997) . Hypoxia is a primary stimulus of carotid chemoreceptors activation. Carotid chemoreceptor afferents primarily innervate caudal aspect of the nucleus of the solitary tract (cNTS) (Blessing et al., 1999) . Most of the cNTS neurons that are activated by carotid body stimulation are not respiratory modulated and therefore are probably not part of the respiratory pattern generator (Koshiya and Guyenet, 1996; Paton et al., 2001 ). Many of these carotid bodyresponsive neurons also project to the ventrolateral medulla where one of their targets has long been assumed to be the C1 neurons (Chitravanshi and Sapru, 1995; Aicher et al., 1996; Koshiya and Guyenet, 1996; Paton et al., 2001; Abbott et al., 2009 ). In addition, it is well established that hypoxia excites the presympathetic neurons in the VLM, presumably C1 neurons, by activating the peripheral chemoreceptors and/or activating intrinsic cellular mechanisms related to activation of Ca 2+ channel conductance Reis, 1994a, 1994b) .
The C1 cells are activated by several stimuli such as infection, pain, hypotension, hypoglycemia and hypoxia and contribute to the increased cardiorespiratory activity (Madden and Sved, 2003; Marina et al., 2011; Guyenet et al., 2013; Guyenet, 2014) . These stimuli also activate PVH neurons . The present results suggest that the C1 cells send excitatory projections to PVH as well as to locus coeruleus, A1, A2, A5, and sympathetic preganglionic neurons as suggested by others (Card et al., 2006; Guyenet et al., 2013; Stornetta et al., 2015; present results) . We also noted that most catecholaminergic neurons that project to the PVH (i.e Fos + /CTb + /TH + ) were located in the caudal region of ventrolateral medulla (presumably A1 region), confirming data in the literature showing that these neurons are organized topographically in relation to their efferent projections (Tucker et al., 1987; Agassandian et al., 2012; Guyenet et al., 2013) . Several studies have documented that the caudal region of ventrolateral medulla with projections to the hypothalamus contain the so-called supraspinal projections (Sawchenko and Swanson, 1982b) , while more rostral portion of the ventrolateral medulla have a concentrated population of neurons that project to the spinal cord called reticulospinal neurons (Ross et al., 1984; Tucker et al., 1987) . Catecholaminergic neurons located caudal in the ventrolateral medulla (possibly A1 group) also projected to the PVH and are involved in peripheral chemoreflex activation (King et al., 2013) . Neuroanatomical studies showed that the A1 noradrenergic group is the main source of catecholaminergic projections to the hypothalamus Swanson, 1981, 1982b) . These neurons are known to project both to parvi-and magnocellular division of PVH (Cunningham and Sawchenko, 1988) , which contribute to the control of neuroendocrine and autonomic responses related to sympathetic activity (Sawchenko and Swanson, 1982b; Smith et al., 1995; King et al., 2013) . According to King et al. (2013) , hypoxia produces the activation of a large proportion of catecholaminergic neurons in A1 region that projects to the hypothalamus, suggesting that neurons in this area play an important role in providing afferent information of the peripheral chemoreflex for PVH. In summary, it is possible that a subset of C1 neurons share the same outputs regardless of whether they have spinal or hypothalamic projections. In the present study, we are proposing that the rostral C1 neurons could also represent an important excitatory source of PVH neurons during hypoxic condition.
Role of catecholaminergic neurons projecting to the PVH during hypoxia
Selective stimulation of C1 neurons induces an increase in breathing similar to carotid body stimulation, suggesting that these neurons can be part of the chain of events produced by stimulation of peripheral chemoreceptors. Unilateral injection of the toxin saporin conjugated with anti-DβH in the PVH was able to elicit a considerable destruction of the catecholaminergic neurons activated by hypoxia within the RVLM ipsilaterally (C1 region).
The integrity of C1 neurons that project to the PVH is critical for the activity of PVH neurons during stimulation of peripheral chemoreceptors, because after selective depletion of C1 neurons that project to the PVH, the number of Fos-immunoreactive neurons activated by hypoxia was significantly reduced in PVH. The subset of C1-PVH neurons activated by hypoxia could be involved in cardiorespiratory and/or neuroendocrine responses to hypoxia. Previous studies show that a hypoxic stimulation increases the number of Fos-activated neurons, in vasopressin (VP), and oxytocin (OT) neurons of PVH -specifically in neurons located in the medial parvicellular division of the PVH, the region where the neurons that express corticotropin releasing factor (CRF) are located. This finding suggests that VP, OT, and adrenocorticotropin hormone (ACTH) neuroendocrine responses to systemic hypoxia are at least partially mediated by catecholaminergic cells of the ventrolateral medulla (Smith et al., 1995) .
The role of catecholaminergic neurons projecting to the PVH in the regulation of respiratory activity and maintenance of arterial oxygen levels during hypoxic stimuli was addressed recently by King and colleagues who used anti-DβH-SAP bilaterally within the PVH to produce lesions of the brainstem catecholaminergic neurons. This approach was effective in causing loss of 37% of ventrolateral medulla and 36% of NTS catecholaminergic cells. The reduction of catecholaminergic neurons produced a significant decrease in respiratory rate during normoxia, reduced ventilatory responses to hypoxia, and diminished the ability to maintain O 2 saturation (King et al., 2015) . These results are in agreement with the data obtained in the present study and indicate that acute hypoxia also recruits the RVLM/C1 neurons with projections to PVH and may influence parvicellular neurosecretory or autonomic neurons in PVH.
It is well established that acute hypoxia (N30 min) can produce depressor responses that might influence Fos immunoreactivity in the RVLM neurons. Additionally, the hypotension can trigger Fos activity in the RVLM/C1 region (Li and Dampney, 1994) . Our data did not show a significant change in blood pressure during 3 h of hypoxia exposure. Results from Smith et al. (1995) that analyzed the cardiovascular parameters in a hypoxic situation showed that systemic hypoxia produced no significant change on blood pressure over the first 90 min of exposure. Although both hypotension and hypoxia elicit a powerful sympathoexcitatory reflex, the central pathways subserving these effects in conscious animals are fundamentally different. Hypoxia activates rostral ventrolateral medullary presympathetic neurons primarily via a major direct excitatory projection from the cNTS, as well as from the pontine nucleus such as the ventrolateral pons (A5 region). On the other hand, RVLM-activated neurons by hypotension appears to be mainly due to disinhibition, mediated via inhibitory interneurons, indicating that the afferent signals that produce these effects are also distinctly different (Hirooka et al., 1997; Horiuchi et al., 1999) . Therefore, these findings together with the literature suggest that Fos responses to acute hypoxia in RVLM/C1 cells with projections to the PVH are largely due to hypoxia and not blood pressure secondary effect.
Physiological implications
Obstructive sleep apnea (OSA) is a very prevalent chronic disease that causes disorganized sleep, chronic hypertension and exacerbation of the metabolic syndrome. OSA increases cardiovascular morbidity and mortality and causes driving fatalities due to day-time somnolence. Exposure of animals to chronic intermittent hypoxia (CIH) is a frequently used experimental model that mimics the repetitive arterial hypoxemias experienced during OSA. Here, we speculate that all the cardiorespiratory effects could be either triggered or at least facilitated by the activation of a group of brainstem neurons called the C1 cells which are vigorously activated by hypoxia and regulate the autonomic nervous system and stress-related autonomic responses, specialy during CIH. We believe that the integrity of the C1 cells with hypothalamic projections is necessary for the full expression of the neuroendocrine responses to activation of the immune system and presumably to hypoxia (Sawchenko et al., 1985; Schiltz and Sawchenko, 2007 ; present results).
Conclusion
In this study, we show that RVLM/C1 cells could be activated by hypoxia and contact, via excitatory projections, the PVH. While C1 cells involvement in blood pressure control is well known, C1 cells' role in other physiological processes such as neuroendocrine responses to inflammation, reproduction, glucose homeostasis, thermoregulation, stress responses, and breathing has been well documented. Our work highly suggests that Fos expression in the rostrally projecting VLM catecholaminergic neurons is the result of carotid body activation. An uninvestigated possibility is the combination of stress, sleep deprivation and/or hypotension may be responsible for the activation of C1 cells. Additionally, brain P O2 may have been enough to activate neurons directly (Sun and Reis, 1994a) . In conclusion, our work adds a piece in the complex puzzle of physiological role of the C1 cells by showing that this catecholaminergic group of cells must be activated only in emergency situations such as acute hypoxia, producing autonomic, metabolic, and neuroendocrine responses designed to help the organism survive major acute physical stresses.
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